Several SAPO-11-Al2O3 supports with different amounts of SAPO-11 were used to prepare a series of CoMo/ SAPO-11-Al2O3 catalysts by the impregnation method with or without addition of citric acid. Hydrodesulfurization (HDS) of 4,6-dimethyldibenzothiophene, hydrodenitrogenation (HDN) of acridine, and hydrodearomatization (HDA) of o-xylene, 1-methylnaphthalene and phenanthrene were carried out to evaluate the catalytic activity of the catalysts. The catalysts were characterized by BET, XRF, NH3-TPD, XPS and TEM. The acidity of the supports strongly affected the active slabs structure and activity of the catalysts. 20 wt% SAPO-11 added catalyst showed lower HDA, HDS and HDN activities compared to CoMo/Al2O3 catalyst. The length and stacking number of CoMoS active slabs on the former increased because of decreased dispersion of Mo species due to the reduction in number of strong acid sites on the support surface in the presence of SAPO-11. Addition of citric acid during active metal impregnation decreased HDA activity but increased HDS and HDN activities due to improvement of Mo species dispersion, resulting in formation of shorter length and higher stacking of CoMoS active slabs.
Introduction
The fluidized catalytic cracking (FCC) process is a method for the catalytic conversion of heavy oil into lighter products, and is very important in the petroleum refinery. The main product of the FCC process is FCC gasoline and the by-product is light cycle oil (LCO), which mainly consists of bicyclic or polycyclic aromatic compounds and small amounts of sulfur and nitrogen compounds. Conversion of large content of polyaromatic compounds in LCO to mono-aromatic compounds would yield high added value products for p r o d u c i n g B e n z e n e -To l u e n e -X y l e n e ( B T X s ) . However, conventional hydrotreating catalysts, as well as catalysts for the removal of sulfur compounds and nitrogen compounds cause the hydrogenation of polyaromatic compounds, so no mono-aromatic compounds are obtained. Therefore, a specific catalyst is needed for desulfurization and denitrogenation, and selective hydrogenation of bicyclic or tricyclic aromatic compounds to monocyclic aromatic compounds 1) . Several models for the structure of the active phase 2) 4) of cobalt promoted MoS2 catalysts have been proposed, but the CoMoS phase consisting of cobalt atoms on the edge of MoS2 slabs is widely accepted 5) 7) . The RimEdge model with two types of active sites, the Rim site and the Edge site, can explain the differences in the hydrogenation (HYD) and hydrodesulfurization (HDS) active sites 8) . The Rim sites are located only on the top and bottom of the MoS2 slabs, and have both hydrogenation and desulfurization activities. In contrast, the Edge site located on the edge of each layer of the slabs only has desulfurization activity. Based on this model, a catalyst for selective hydrogenation, i.e. higher HDS and/or hydrodenitrogenation (HDN) but lower hydrodearomatization (HDA), could be developed by controlling the proportions of the Rim and Edge sites.
The acidity of the support is expected to affect the hydrogenation activity 9), 10) . Higher support acidity enhanced hydrogenation activity of catalyst 9) . Low acidity zeolite materials such as the SAPO series or SBA series could be used mixed with Al2O3 to decrease support acidity and control hydrogenation catalytic activity. Evaluation of various zeolite types and alumina for hydrocracking catalysts concluded that zeolite with both small crystal size and mesoporous alumina resulted in higher activities for hydrogenation and hydrocracking 11) . Use of chelating agents could also improve the catalytic performances of cobaltmolybdenum (CoMo) catalysts. Increased HDS activity of CoMo and NiMo catalysts can be achieved by using nitrile triacetic acid 12) , and other chelating agents such as ethylene diamino tetraacetic acid 13) or citric acid are now used widely to improve the performance of hydrotreating catalysts. However, the effect of adding zeolites or chelating agents to the active slabs structure directly corresponding to catalytic activity remains unclear.
In the present paper, CoMo catalysts supported on various supports with various acidities consisting of Al2O3, 5 %-SAPO-11-95 % Al2O3, 20 %-SAPO-11-80 % Al2O3 were prepared to investigate the relationship between metal-support interaction and support acidity, and between active phase structure and catalytic activity. This study also investigated the effect of addition of citric acid added by the impregnation method on metal dispersion and the structure of the active sites.
Experimental

1. Preparation of Support and Catalysts
SAPO-11 powder was mixed with alumina powder with the addition amount of 5 wt% and 20 wt% mechanically, then the mixture was added by the boehmite. The pellet SAPO-11 added alumina supports were prepared from this mixture by extrusion molding method, sieved to yield 425-800 μm particles and dried at 120 in 1 h. The prepared support samples are denoted as AlSAX (SA: added SAPO-11, X: percentage). The cobalt and molybdenum supported catalysts (CoO: 3.3 wt%, MoO3 : 16.6 wt%) were prepared by conventional incipient wetness impregnation [26] . After each impregnation, the sample was dried at 120 in 1 h and at last calcined at 450 for 16 h. The prepared added SAPO-11 catalyst samples were named as CoMoAlSAX (SA: added SAPO-11, X: percentage). The citric acid was added to ammonium heptamolybdate impregnating solution with the molecular ratio Mo : citric acid 1 : 1 and then the sample was not calcined but only dried at 120 in 1 h. The synthesized catalyst was denoted as CoMo(CA)AlSAX.
Prior to analysis or reaction, the prepared catalyst was activated by sulfidation with a mixture of 5 vol% H2S in H2 (50 mL/min) at 400 for 3 h.
Characterization of Supports and Catalysts
The textural properties of the supports and catalysts were determined by the nitrogen adsorption-desorption isotherms using a Belsorp-mini II automated sorption system (BEL Japan, Inc.). The loading amount of MoO3 and CoO were determined by X-ray fluorescence (XRF) measurement using Rayny EDX-700/800XRF analyzer (Shimadzu Corp.). The acidity of support samples was determined by NH3 adsorption on a ChemBET Pulsar temperature-programmed reduction/ temperature-programmed desorption (TPR/TPD) instrument (Quantachrome Instruments). The X-ray photoelectron spectroscopy (XPS) spectra were acquired using an ESCA-3200 (Shimadzu Corp.) spectrometer with monochromatic Mg Kα radiation (240 W, 8 kV, E 1253 eV). Transmission electron microscope (TEM) was performed on a JEOL 2100 microscope (JEOL Ltd., Japan), operating at 200 kV.
3. Catalytic Activity Test
The activity tests were carried out using a highpressure fixed-bed continuous-flow stainless steel reactor (i.d. 8 mm), operated in the down-flow mode, under the 300 mL/min flowing H2 at pressure of 5 MPa, with a weight hourly space velocity (WHSV) of 39 h -1 at 280 to 380 . The concentration of phenanthrene, 1-MN and o-xylene in HDA feedstock were 2, 10 and 10 wt% in decalin, respectively. For HDS and HDN feedstocks, 0.4 wt% of 4,6-dimethyldibenzothiophene (4,6-DMDBT) and acridine in decalin were used.
Results
1. Characrerization of Supports and Catalysts
The textural properties of prepared supports and catalysts are shown in the Table 1 . By addition of SAPO-11, surface area and pore volume of alumina support decreased slightly from 256 to 214 m 2 /g and 0.79 to 0.64 cm 3 /g, respectively, while pore diameter was not changed. The surface area and the pore volume of each catalyst sample decreased about 15-20 % after metal impregnation due to the form of active phase. The average pore diameter and volume of citric acid added catalyst were slightly smaller than those for the catalyst without adding citric acid while the BET surface area was not changed.
Chemical compositions obtained by XRF analysis indicated that the amount of active metals loaded was almost as expected. For all catalysts, the cobalt oxide loading varied within 3.6 to 3.9 wt%, and the molybdenum oxide loading ranged from 16.3 to 17.8 wt%. The molybdenum oxide loading was slightly lower for SAPO-11 added catalyst. Therefore, active metal loading on the SAPO-11 added support might be more difficult than on Al2O3 because the former has fewer acidic sites and smaller pore diameter. In the impregnating solution, molybdenum species were mainly present as Mo7O24 6-and cobalt species as Co 2 , which are larger and smaller than SAPO-11 pore diameter, respectively. Therefore, with added SAPO-11, the loading amount of Mo species slightly decreased due to the hindered diffusion inside the pores of SAPO-11. On the other hand, no significant difference was observed in the loading of Co species.
The surface acid properties of the supports were investigated via NH3-TPD as shown in Fig. 1 . The profiles were divided into three areas of desorption temperature corresponding to weak (below 300 ), medium (from 300 to 400 ) and strong (above 400 ) acid sites. SAPO-11 supports showed a very sharp peak at ca. 281 and a shoulder peak at ca. 395 corresponding to weak and medium acid sites. The alumina support had a sharp peak at ca. 371 and a smaller peak at ca. 250 . The big peak in the medium and strong acidity area of the alumina support became blunt and shifted to the smaller peak with higher SAPO-11 added amount. To compare the acidity distribution between these catalysts, the NH3-TPD profiles were fitted to the Gaussian function, and area of each peak and total acidity of various supports were calculated as shown in Table 2 . The surface total acidities of Al, AlSA5, AlSA20 and SA were 462.9, 465.8, 469.1 and 496.9 μmol/g, respectively. Strong acidity of alumina supports decreased with the addition of 5 wt% and 20 wt% SAPO-11 from 151.9 to 144.9 and 102.9 µmol/ g, respectively, possibly caused by the fewer strong acid sites of SAPO-11.
XPS measurement was conducted to determine the oxidation states of the metals on sulfided catalysts. and CoMoS in all samples. CoMoS generally has much more activity than MoS2. The percentage of CoMoS increased from 38.6 to 61.1 % and 54.0 % after addition of 5 wt% and 20 wt% SAPO-11, respectively. Therefore, addition of SAPO-11 made formation of CoMoS much easier. However, large amount of SAPO-11 also reduced the dispersion of active metals which inhibit the formation of CoMoS. CoMoS concentration increased dramatically from 54.0 to 67.8 % with the addition of citric acid. Therefore, citric acid enhanced dispersion of active metals and formation of CoMoS active slabs.
TEM observation of sulfided catalysts was performed to investigate the effect of SAPO-11 and citric acid on the morphology of CoMoS active slabs. Table 4 . The slab lengths of CoMoAl, CoMoAlSA5 and CoMo(CA)AlSA20 r a n g e d f r o m 3 t o 4 n m a n d t h e s l a b l e n g t h o f CoMoAlSA20 ranged from 4 to 5 nm. Moreover, the active slabs of catalyst with citric acid addition mainly contained 4 or 5 stacked layers, 1 or 2 layers more than catalysts without citric acid addition. The average slab length and stacking number increased from 2.9 to 3.6 nm or 4.5 nm and from 2.6 to 3.3 nm or 3.4 nm with addition of 5 wt% and 20 wt% of SAPO-11, respectively. Addition of citric acid further influenced the morphology of CoMoS slabs, resulting in greater mean length and highest stacking number compared to other catalysts. This result implies that adding citric acid improves the dispersion of active metal Mo species. Adding citric acid together with molybdenum impregnation solution improved the dispersion of Mo on the support surface. Therefore, more Mo-based active slabs were formed. High dispersion of Mo also led to smaller length and higher stacking number of CoMoS active slabs. These findings agree well with previous reports of sulfided CoMo/Al2O3 catalyst 16) .
2. Hydrotreating Test 2. 1. Hydrodearomatization
The HDA conversions of o-xylene, 1-MN and phenanthrene in the temperature range of 320-380 over prepared catalysts are shown in Figs. 3 to 5 . All catalysts showed low conversions below ca. 1 % of the monocyclic aromatic compound o-xylene at all temperatures, with the highest with CoMoAl and the lowest with CoMoAlSA20, and other catalysts with the same activity. Therefore, hydrogenation of one-ring aromatics can be ignored.
In contrast, the HDA conversions of 1-MN were higher with all catalysts as shown in Fig. 4 . Addition of 5 wt% SAPO-11 to CoMoAl catalyst slightly increased the HDA activity. HDA conversion was in the order of CoMoAlSA5 ≈ CoMoAl ≥ CoMo(CA)AlSA5 ≈ CoMo(CA)AlSA20 CoMoAlSA20. HDA conversion of 1-MN was slightly increased about 2 to 4 % by adding 5 wt% SAPO-11 but dramatically decreased by adding 20 wt% SAPO-11. Addition of citric acid caused no significant change in HDA conversion with CoMo(CA)AlSA5 but significantly increased HDA activity with CoMo(CA)AlSA20. HDA conversion of phenanthrene over prepared catalysts showed similar changes to 1-MN.
The main products of 1-MN hydrogenation were 1-methyltetralin (1-MT) and 5-methyltetralin (5-MT). Two polycyclic aromatic compounds, tetrahydrophenanthrene (THP) and dihydrophenanthrene (DHP), and the monocyclic aromatic compound, octahydrophenanthrene (OHP), were detected as phenanthrene hydrogenated products. However, no fully hydrogenated compounds, perhydrophenanthrene and methyldecalin, could be detected. These findings and the low o-xylene HDA conversion revealed that prepared catalysts had very low activity for the hydrogenation of monocyclic aromatic compounds.
To evaluate the selective hydrogenation activity of prepared catalysts, the formation of the valuable target monocyclic aromatic compound OHP was investigated as shown in Fig. 6 . No significant change in the selectivity of OHP was observed with the addition of SAPO-11, but a slight increase of about 4-7 % was observed with the addition of citric acid in the case of CoMo(CA)AlSA20. Therefore, the addition of citric acid improved the yield of monocyclic aromatic compounds. The selectivities of phenanthrene and 1-MN HDA are shown in Tables 5 and 6. The selectivities of hydrogenation from bicyclic aromatic 1-MN to monocyclic aromatic compounds 1-MT or 5-MT did not change with the addition of SAPO-11 and citric acid. These results showed the same behavior as for OHP. The selectivity of hydrogenation from tricyclic phenanthrene to bicyclic aromatic compounds THP and DHP did not change with the addition of SAPO-11 but slightly decreased by about 5 % with the addition of citric acid. Fig. 7 . The HDS activity of all catalysts increased with higher temperature but showed less difference at high reaction temperature of 380 . Therefore, HDS conversion at low temperature of 320 were evaluated to investigate the catalytic activity for HDS over prepared catalysts. HDS activity decreased from 61 to 47 % over 5 wt% SAPO-11 added . In DDS, 4,6-DMDBT is directly desulfided to form dimethylbiphenyl (DMBP). In HYDS, 4,6-DMDBT is firstly hydrogenated to form hydrogenated intermediates which are then desulfided to form methylcyclohexyltoluene (MCHT) and dimethylbicyclohexyl (DMBCH). Thus, the HYDS pathway includes hydrogenation. Figure 8 and Table 7 show the selectivities for products of the indirect desulfurization reaction that slightly decreased in the order of CoMoAl CoMoAlSA20 CoMoAlSA5 ≈ CoMo(CA)AlSA5 ≈ CoMo(CA)AlSA20. These findings indicate that SAPO-11 and citric acid inhibited the HYDS activity of CoMoAl. In addition, the change in selectivity of hydrogenation from 4,6-DMDBT to MCHT and DMBCH showed the same trend as phenanthrene HDA. In particular, the selectivity for MCHT and DMBCH showed 
2. 2. Hydrodesulfurization 4,6-DMDBT HDS conversion over various catalysts is shown in
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no significant change over SAPO-11 added catalysts and slightly decreased by about 9 % over citric added catalyst.
2. Hydrodenitrogenation
Very high overall HDN conversions of acridine HDN over 99.8 % were obtained over all catalysts because of the ease of acridine hydrogenation. The real HDN activity of prepared catalysts was investigated using the HDN ratio, defined by the following equation. 
{ }
The HDN ratios over prepared catalysts are shown in Fig. 9 . The HDN ratio did not change much from 320 to 340 but increased dramatically from 320 to 380 . The HDN ratio order of catalysts was the same as that for HDS of 4,6-DMDBT. The HDN ratio was unchanged for 5 wt% SAPO-11 added catalysts but was slightly decreased for 20 wt% SAPO-11 added catalyst. CoMo(CA)AlSA20 showed the best HDN activity with the highest conversion of 13 % at 380 .
HDN of acridine occurs through complicated reaction pathways 18 ), 19) . HDN of acridine is divided into two processes: firstly acridine is quickly hydrogenated to produce hydrogenated intermediates and then denitrogenated to remove the nitrogen atom and produce hydrocarbons. Large amounts of hydrogenated intermediates of acridine HDN such as dihydroacridine (DHA), tetrahydroacridine (THA), octahydroacridine (OHA) and perhydroacridine (PHA) were generated at all reaction temperatures. Cyclohexylphenylmethane (CHPM), dicyclohexylmethane (DCHM) and perhydrofluorene (PHF) were formed by sequential HDN. OHA and PHA are the main hydrogenated intermediates which are denitrogenated to produce CHPM, DCHM and PHF. Selectivity for those products in HDN of acridine are shown in Table 8 . The presence of large amounts of hydrogenated intermediates indicates that the denitrogenation reaction was the ratelimiting reaction for all prepared catalysts. The formation rates of OHA and PHA were calculated to investigate the effect of SAPO-11 and citric acid on HDN activity as shown in Fig. 10 . Formation rates of OHA and PHA both decreased over SAPO-11 added catalysts, indicating that SAPO-11 inhibits hydrogenation activity in HDN of acridine. In contrast, formation rates of OHA and PHA increased dramatically over citric acid added catalyst. These findings and high HDN conversion over CoMo(CA)AlSA20 indicate that addition of citric acid enhances both hydrogenation and denitrogenation activities in HDN of acridine. Overall, HDA activity of CoMoAlSA20 was lower compared to CoMoAl but HDS and HDN activity also decreased. HDA activity was slightly increased and HDS and HDN activity were dramatically increased by the addition of citric acid. CoMo(CA)AlSA20 catalyst had low HDA and high HDS and HDN activity compared to CoMoAl catalyst.
Discussion
The HDA activity of 20 wt% SAPO-11 added catalyst was about 20 % lower than the base CoMoAl catalyst, and the HDS and HDN activities were also lower. Addition of citric acid did not change the HDA activity whereas the HDS and HDN activities increased. The effect of SAPO-11 and citric acid addition on active slab morphology and catalytic activity was investigated assuming the formation of active slab CoMoS based on the Rim-Edge model.
Based on the Rim-Edge model and TEM results, the active slab model of SAPO-11 added catalyst was proposed as shown in Scheme 1 (a). The NH3-TPD and catalytic test results showed that the HDA activity decreased in the same order as the number of strong acid sites as follows: Al ≈ AlSA5 AlSA20. Moreover, On the other hand, the low proportion of Rim sites also led to high HDS and HDN activities based on the Rim-Edge model. However, CoMoAlSA20 had very low HDS and HDN activities compared with other catalysts. Possibly the acidity of the support is not the only factor to influence the HDS and HDN activities. The TEM results showed that the average size and stacking number of CoMoAlSA20 were increased compared to CoMoAl, so such low activities could be ascribed to the low dispersion of active sites. In particular, SAPO-11 weakened the interaction between the support and active metal leading to low dispersion of activity slabs. Thus, the numbers of activity slabs decreased and so the catalytic activity was lower.
Citric acid added catalysts showed higher HDS and HDN activities, and lower HDA activity compared to CoMoAl. Citric acid added catalysts also achieved better direct desulfurization and enhanced direct denitrogenation. Similar findings for NiMo supported SBA-15 catalysts in an investigation of HDS of DBT showed that citric acid addition resulted in better dispersion of Mo species using powder X-ray diffraction (XRD) and UV-vis diffuse reflectance spectroscopy (DRS) characterization 20) . Higher Mo   4 content as demonstrated by XPS also revealed that citric acid promoted Mo atom mobility and reduction from Mo 6 to Mo 4 . As a result, citric acid added catalysts show better CoMoS formation. Moreover, TEM experiments exhibited shorter slabs length and higher stacking number in citric acid added catalysts as shown in the proposed activity slabs image in Scheme 1 (b), resulting in more Rim sites sharing and high HDS and HDN activities. Our findings show that citric acid is very important in enhancing active metal dispersion, CoMoS active phase formation and hydrogenation catalytic activity of sulfide catalysts.
In conclusion, the preparation method of weakening support active metal interaction by controlling the support surface acidity combined with improving active metal dispersion by adding chelating agent could develop novel catalysts with selective hydrogenation activity.
Conclusions
CoMo supported on Al2O3 catalysts with the addition of various amounts of SAPO-11 were prepared with and without citric acid during impregnation of the active metals. Compared to CoMoAl, 5 wt% SAPO-11 added catalyst showed less change in catalytic activity. The HDA activity of CoMoAlSA20 decreased by 20 % and the HDS and HDN activities also decreased in the same order of CoMoAlSA20 CoMoAl. The acidity of the supports was found to strongly affect the catalytic activity. Possibly the length and stacking number of CoMoS active slabs on the former catalyst increased because the dispersion of Mo species decreased due to the lower number of strong acid sites on the support surface in the presence of SAPO-11. Moreover, the HDA activity did not change and the HDS and HDN activities increased over citric acid added catalysts in the order of CoMoAl ≈ CoMo(CA)AlSA5 ≈ CoMo(CA) AlSA20. By adding citric acid during active metal impregnation, the HDS and HDN activities increased and the HDA activity decreased due to the improvement of Mo species dispersion and formation of shorter length and high stacking of CoMoS active slabs.
